Abstract: 21
The high precision SIMS 26 Mg isotope analyses of a pristine type B1 CAI in 22
Leoville 3535-1 are obtained from multiple mineral phases that include Al-rich zoned melilite 23 mantle, Mg-rich melilite, fassaite, spinel and anorthite in the core. The data yield a well-defined 24 internal isochron with the inferred initial 26 Al/ 27 Al ratio of (5.002±0.065)×10 −5 and the intercept 25 of δ 26 Mg* = 0.06±0.08 ‰. Assuming homogeneous distribution of 26 Al in the solar system, 26
Leoville 3535-1 formed 46±29 ky after the time of bulk CAI isochron. One anorthite analysis 27 near the grain boundary adjacent to melilite shows sub-µm scale heterogeneous Mg distribution, 28 though the 26 Mg data plot exactly on the same isochron regression line with other data. Thus, 29 the internal 26 Mg system of the CAI was remained closed since the last melting events that 30 crystallized anorthite. 31
High precision Mg isotope analyses of Mg-rich minerals (fassaite, Mg-rich melilite, and 32 spinel) show a small scatter from the regression line (~0.1‰) beyond analytical uncertainties. 33
Spinel and fassaite data systematically displaced below and above the regression line, 34 respectively, which might be caused by incomplete isotope resetting during last melting event. 35
Introduction 45 46
Ca, Al-rich inclusions (CAIs) in primitive meteorites consist mainly of Ca and Al-rich 47 minerals that are expected to condense from the gas of solar composition at high temperature 48 (e.g., Grossman, 1972; MacPherson, 2005) . They are the oldest objects in the solar system ever 49 measured by the U-Pb absolute chronometer (Amelin et Shu et al. (1996) suggested CAIs formed close to the young sun, lifted and 57 transported to asteroidal belt by the magnetically driven wind (X-wind model). Other transport 58 mechanisms from inner solar nebula have also been proposed (Cuzzi et al., 2003; Ciesla, 2007) . 59 Lee et al. (1977) first reported clear evidence of in-situ decay of 26 Al (half life; 0.73Myr) 60 from the mineral separates of the CAI "WA", showing the correlated excess of 26 Mg from the 61 decay of 26 Al with 27 Al/ 24 Mg ratios and inferred initial 26 Al/ 27 Al ratios of (5.1±0.6)×10 −5 . 62 MacPherson et al. (1995) summarized the literature data available at the time and found that 63 most CAIs consistently show the initial 26 Al/ 27 Al ratios of ~5×10 −5 , which is referred to as 64 "canonical" value. However, a spread of initial 26 Al/ 27 Al ratios among CAIs was not well defined 65 because of analytical limitation and possible later disturbance of some of the CAIs (e.g., Podosek 66 et al., 1991) . Recently, several studies have re-evaluated the initial 26 Al/ 27 Al ratios of CAI with 67 surface, but as the mirror image. The Al-Mg data reported in this paper were obtained from both 114 the original surface and from the thin section. 115 116
Electron Microscopy 117
In order to guide the location of the SIMS analyses, we obtained detailed and secondary 118 electron (SE) and back scattered electron (BSE) images using a scanning electron microscope 119
Hitachi S-3400 at the University of Wisconsin-Madison. Additional images are obtained after 120 SIMS analyses, in order to examine the analyzed spots for potential inclusions and any other 121 specific features that might have affected the SIMS analyses. 122
In the early stage of this work, we did not have multiple melilite standards with 123 homogeneous Al and Mg contents that could be used for SIMS 27 Secondary ion optics were adjusted to ×200 magnification from sample to the Field 159 Aperture (FA, 6000µm square) with mass resolving power of ~2,500 (entrance slit; 90µm and 160 exit slit 500µm), which was enough to separate both 48 contents (~2%) were systematically higher than those in other standards (EA2). It is possible that 222 complex mixtures of major elements in fassaite make the RSF more variable than a simple solid 223 solution in melilite. We also applied 1% uncertainty in RSF of spinel analyses (EA2). 224 225
Anorthite analyses 226
For Mg isotope analysis of anorthite, we used mono-collection electron multiplier (EM) 227 in magnetic peak switching mode, while the 27 Al + signal was detected using a multicollection FC 228 detector (with 10 11 ohm resister) on high mass side simultaneously with the detection of 25 Mg + . 229
Primary beam intensity was ~1.3 nA with 8 µm oval shaped spots (Fig. 2d) , using a mass 230 aperture of 100 µm and beam aperture of 400 µm. Due to smaller beam size, the field aperture 231 was set to 4,000 µm square and the regular circular mode was used for the coupling optics. The 232 typical 24 Mg + and 27 Al + ions intensities were ~2×10 5 cps and 5×10 7 , respectively. Mass resolving 233 power was set to 3,500 (entrance slit of 90 µm and exit slit of 300 µm). 27 Al/ 24 Mg 240 ratio (~280) to those in the anorthite of the CAI. Reproducibility of δ 26 Mg* values of the 241 plagioclase standard was better than 1‰, although showing a small negative bias of -1.5‰ that 242 was corrected for in unknown samples. The RSF of anorthite is estimated by using measured 243 27 Al/ 24 Mg ratios of the Lab1 standard. However, due to its low Mg contents (~0.1 MgO%), the 244 uncertainty of calibration of the 27 Al/ 24 Mg ratio using EPMA is as large as 6%. Moreover, the 245 major element composition of Lab1 is more Na-rich (An 59 ) than the pure anorthite in the CAI, 246
and therefore the RSF may be different from that of the standard. 247
More recently, a synthetic anorthite glass standard that is doped with 1.0 wt.% MgO 248 ("AnG+Mg 1%") was available for more precise RSF estimates (Kita et al., 2009b) . We 249 compared SIMS measured 27 Al/ 24 Mg ratios between Lab1 and this anorthite glass standard in 250 three separated Al-Mg sessions in 2009-2010 and found that their ratios were consistent within 251 1%. Thus, the RSF of anorthite applied to the CAI analyses was re-evaluated by using the new 252 anorthite glass standard (see detailed calculation in EA2). Although the 27 Al/ 24 Mg ratio of 253 AnG+Mg 1% glass is estimated to be 1%, an additional uncertainty based on the comparison of 254 the measured 27 Al/ 24 Mg ratios between Lab1 and the glass standard of 0.9% (2SD from three 255 sessions) was propagated to the final error estimate. This made the overall uncertainty of the 256
RSFfor anothite in the present study1.3%. 257 258
Results 259 260

1. Al-Mg isotope data 261
The results of the Al-Mg analyses of Leoville 3535-1 Type B1 CAI are shown in Tables  262 1 and 2. We obtained 18 melilite, 8 fassaite, and 9 spinel analyses using multi-FC mode (S1 and 263 S3) and 10 anorthite analyses using mono-EM (S2). Full SIMS data and EPMA data are found 264 intwoelectronic annexes EA2 and EA3, respectively. The locations of the SIMS analyses are 265 shown in electronic annex EA4. Melilite analyses were made in two sessions two years apart, but 266 there are no systematic differences between two data sets. Data from the first session (S1) 267 contain more mantle melilite data than the other (S3). The 27 The spinel analyses were made in multiple locations and textual contexts in the CAI, 276 including spinel in mantle melilite, in other minerals (anorthite, fassaite, and melilite), at the 277 boundary of three minerals (#50), and in spinel aggregates. Because the spinel grains in the CAI 278 are close to pure MgAl 2 O 4 , the 27 cycles for all the anorthite analyses. As shown in Table 2 , the error correlation coefficients were 292 mostly ~0.5 or less, except for spot #10 showing the value of 0.85 293 294
2. Al-Mg isochron diagram 295
The data in Tables 2-3 are ploted as an 26 Mg isochron diagram in Fig. 3 . The 296 regression of data using ISOPLOT (Ludwig, 2003) yields well-correlated isochron with the slope 297 0.3590±0.0008 (on 27 Al/ 24 Mg-δ 26 Mg* diagram) with the initial δ 26 Mg* value of 0.056 ± 298 0.081 ‰. The error associate with the slope of the regression line is only 0.2%, though the 299 uncertainties of anorthite and melilite RSF at the level of 1% should be included in the final 300 assessment of the data. The result corresponds to the inferred 26 Al/ 27 Al ratio of 301 by only 0.03-0.04‰, which is much smaller than their analytical uncertainties. In fact, the 313 isochron slope estimated from our SIMS data are strongly controlled by the anorthite data with 314 excess δ 26 Mg* values of 80‰ to 130‰, so that the slope of the isochron and the inferred initial 315 26 Al/ 27 Al ratio will not be changed by the choice of mass fractionation correction law used to 316 calculate δ 26 Mg*. 317
We rejected two anorthite measurements (#2 and #7) from the calculation of the 318 regression line. Inspection of the SIMS spots for these data revealed large cracks and 319 micron-scale inclusions, which are not observed from other analyses spots (Fig. 4) . These two 320 outlier data may have been affected by secondary processes in the parent body, such as impact 321 deformation and shock melting observed from objects in Leoville (e.g., Nakamura et al., 1992; 322 Caillet et al., 1993) . 323 324
Anorthite rim with low Mg content 325
In this study, three analyses were made from a single anorthite grain (spots #8-10, Fig.  326 5a) to evaluate sub-solidus Mg isotope diffusion effects that might have disturbed or reset the 327 Al-Mg isotope system. We intentionally aimed one spot at the rim of the grain within 10µm from 328 the boundary adjacent to melilite (spot #10). The 27 Al/ 24 Mg ratio of #10 was the highest among 329 all the analyses in the CAI and was variable during the 50 cycles of analyses (280-470; Fig. 5b) . 330
The result indicates a heterogeneous distribution of Mg in the anorthite at a scale smaller than the 331 depth sampled by a single analysis (~1µm). If there were sub-solidus reheating events for the 332 CAI after the solidification of anorthite, the excess 26 Mg that had been accumulated in anorthite 333 would be modified by isotope exchange with isotopically normal Mg during diffusion. The 334
Mg-poor domain of spot #10 should be the first place to see such an effect, because it is close to 335 the grain boundary of an otherwise Mg-rich mineral and has a low Mg concentration. For this 336 reason, we calculated the average 27 Al/ 24 Mg ratio and δ 26 Mg* value from cycles 27-36 of spot 337 #10, where the 24 Mg intensities were lowest (Fig. 5b-c) . The average value from the low Mg 338 cycles of spot #10 (here after called #10L) plots exactly on the same isochron with other data 339 (Fig. 5d) . The model initial 26 Al/ 27 Al ratio of the #10L is calculated to be (5.1±0.2)×10 −5 , which 340 is within error from that estimated from the internal isochron of the CAI. The error of the model 341 26 Al/ 27 Al ratio (precision ~4%) corresponds to uncertainty of ~40ky in relative age. 5.23± 0.13 relative age is comparable to the time difference due to the uncertainty of the initial 26 Al/ 27 Al 379 ratios of the bulk CAI of about 2.5%. 380 381
2. Internal Al-Mg isotope systematics in Leoville 3535-1 382
In this work, a very precise initial 26 Al/ 27 Al ratio was obtained because of the 383 well-correlated isochron data from anorthite with extremely radiogenic Mg isotope ratios 384 (δ 26 Mg* = 70-130 ‰). Anorthite is amongst the last mineral to crystallize in type B CAI under 385 cooling rate faster than 0.5˚C/hr (e.g., MacPherson et al., 1984; Stolper and Paque, 1986) . 386 Therefore, the inferred initial 26 Al/ 27 Al ratio obtained in this study represents the time of last 387 melting of the CAI, unless the CAI experienced resetting of 26 Mg system by sub-solidus 388 anorthite, in which 26 Mg excesses were nearly completely erased by later parent body alteration 405 that associated with the formation of nepheline lamella. On contrast, analyses of spinel grains in 406 melilite and fassaite plot along the isochron made by melilite and fassaite with the canonical 407 26 Al/ 27 Al ratio. They explained unsupported excess 26 Mg in spinel as a result of isotope exchange 408 between anorthite and spinel during parent body metamorphism due to fast diffusion of Mg in 409 these minerals, while spinel in melilite and fassaite did not exchange Mg with host mineral due 410 to slow diffusion rate of Mg in the host. 411
In contrast to Vigarano F1, we do not find any difference among spinel data that are 412 hosted by anorthite, melilite and fassaite in Leoville 3535-1. Anorthite in the CAI is unaltered 413 and does not show thin lamella of nepheline. Therefore, there is no indication of parent body 414 metamorphism that would modify the 26 Mg system of the Leoville 3535-1. Similarly, the 415 internal 26 Al- 26 Mg systematics of Leoville 3535-1 CAI and the data collected closest to the rim 416 does not support this CAI being affected by sub-solidus heating events in the solar nebula that 417 lasted for anything as long the 0.3Ma as had been suggested Young et al. (2005) . 418
While we find the well-defined correlated excess from anorthite data, the MSWD of the 419 isochron fit of all data (~5) is significantly larger than unity, indicating the multi-stage evolution 420 of the 26 Mg system. In and are also excluded from the spinel-melilite regression calculation. The spinel-melilite 444 regression line shows slightly higher initial 26 Al/ 27 Al ratio of (5.20±0.18)×10 −5 with relatively 445 low initial δ 26 Mg* = −0.02±0.06‰, while fassaite-anorthite regression line shows slightly lower 446 initial 26 Al/ 27 Al ratio of (4.99±0.07)×10 −5 with relatively higher initial δ 26 Mg* = 0.13±0.03‰. 447
Although the initial 26 Al/ 27 an age difference between the crystallization of these two sets of minerals, then it would have to 457 be the result of multiple stages of heating and partial melting that affected the fassaite and 458
anorthite, but not the more AL-rich melilite. 459
If anorthite crystallized from partial melt while spinel and melilite remained in solid 460 phase, the regression line made by fassaite-anorthite would provide the better estimate of the 461 initial 26 Al/ 27 Al ratios. Compared to the inferred 26 Al/ 27 Al ratio of (5.002±0.065)×10 −5 using all 462 data (Fig. 3) , the value of (4.988±0.065)×10
−5 obtained from fassaite-anorthite regression line is 463 lower only by 0.3% and thus the difference between two regression lines are insignificant. Since 464 the multiple melting processes in type B1 CAI could be very complicated, we consider the 465 regression line using all data as the best estimate of initial 26 Al/ 27 Al ratio of the Leoville 3535-1 466
CAI. 467 468
3. Implication to the early history of the solar nebula 469
In Fig. 8 , the initial 26 ., 2010b) . Uncertainties of the inferred 26 Al/ 27 Al ratios of these data are much 476 larger (4-8%) than the present work (1.3%) due to the limited range of 27 Al/ 24 Mg ratios (typically 477 2-8) from mineral separates for ICP analyses and Mg-rich minerals for SIMS analyses. In the 478 case of F1, the isochron regression was made using only Mg-rich minerals due to the anorthite 479 data having been affected by low temperature parent body alteration (MacPherson et al., 2010b) . 480
The Leoville 3535-1 data agree very well with three CAIs (A44A, AJEF, and NWA 2364) 481
showing the initial 26 Al/ 27 Al ratios of 5.0×10 −5 , which is systematically lower than the bulk CAI 482 data. Thus, major melting events of refractory solids in the solar nebula that formed Type B 483
CAIs may postdate by ~50ky the condensation of their solid precursors. Two other CAI data (F1 484 and A43) have initial 26 Al/ 27 Al ratios lower than that of Leoville 3535-1. These relatively 485 younger Type B CAIs may indicate that heating events affecting the Type B CAIs continued at 486 least another 0.1Ma. 487
The comprehensive study of pristine CAIs from Vigarano by MacPherson et al. (2010b) 488 that included FTA, CTA (compact type A), Type B, Type C and AOAs found a systematic 489 difference in the inferred 26 Al/ 27 Al ratios between unmelted and melted CAIs. Melted CAIs 490 generally show a range of 26 Al/ 27 Al ratios (4-5)×10 −5 and one unusual Type C CAI contains a 491 sub-region with the 26 Al/ 27 Al ratio 2×10 −5 , which postdates the bulk CAI isochron by ~1Ma. 492 Therefore, melting of CAIs appears to have continued for as long as 1 Ma, which brings it close 493 to the age of the earliest chondrule formation events. 494
The time scales for the initial condensation of CAI precursors and their subsequent 495 reheating are comparable to the infalling and evolved protostar stages of low mass stars, known 496 as Class 0 and Class 1 objects with typical durations of ~10 ky and ~0.1 Myr, respectively 497 (Feigelson and Montmerle, 1999) . During these periods, the accretion rate of circumstellar 498 material to young-sun was high and molecular bipolar flow was active, which would cause high 499 temperature heating events consistent with chemical and isotopic characters of CAIs (e.g., 500
MacPherson et al., 2005). Ciesla (2010) recently argued that the short interval among ages of 501 CAIs relates to the preservation mechanism of refractory objects in the protoplanetary disk. The 502 refractory inclusions that formed early in the inner disk might spread to outer disk within first the 503 0.1 Myr, while those formed later period would not be efficiently transported to outer disk. The 504 early-formed CAIs that were spread over the large heliocentric distances might survive until the 505 time of chondrule formation (≥2Ma) and subsequent planetesimal formation. According to his 506 model, the age distribution of CAIs would have a sharp peak at the oldest end. Current available 507 data on type B CAIs show a peak on 26 Al/ 27 Al ~5.0×10 −5 , which corresponds to ~50ky after the 508 time of bulk CAI isochron (Fig. 8) . Because the Leoville 3535-1 CAI preserved such a 509 well-defined isochron with 26 Al/ 27 Al =5.0×10 
Conclusions 518 519
The high-precision SIMS 26 Mg analyses of the pristine Type B1 CAI Leoville 520
3535-1 show a well-defined isochron with the initial 26 Al/ 27 Al =(5.002±0.065)×10 −5 . The 521 analyses of anorthite near the boundary with melilite show variable 27 Al/ 24 Mg ratios of 280-470 522 and yet plot exactly on the same isochron. We conclude that the CAI did not experience 523 sub-solidus diffusion that affected the Al-Mg system much after the last melting event. 524
Assuming the homogeneous distribution of 26 Al in the solar system, the Leoville 3535-1 Type 525 B1 CAI last melted ~50ky after the time of the bulk CAI isochron, which most likely represents 526 the condensation of refractory solids in the earliest solar nebula. A small (~0.1‰) scatter of the 527 Mg isotope ratios from the regression line is observed in Mg-rich minerals, especially spinel and 528 fassaite being below and above the regression line, respectively. Spinel and Al-rich melilite 529 could be solid residues that survived the partial melting of the CAI precursor, while fassaite and 530 anorthite crystallized from the melt. Two separate isochron regression lines were calculated for 531 spinel-melilite and fassaite-anorthite with the initial 26 Al/ 27 Al values of (5.20±0.18)×10 −5 and 532 (4.99±0.07)×10
−5 , respectively. While these two isochron ages are not resolvably different, it is 533 possible that Leoville 3535-1 Type B1 CAI with a zoned melilite mantle first formed from nearly 534 total melt immediately after the time of bulk CAI isochron [NOTE: If the spinel and melilite that 535 did not remelt has an isochrom age that is about 50 Ky older that the bulk CAI age, why are you 536 arguing that it formed "immesdiately after the time of bulk CAI. It seems to me that what one 537 can say is that the spinel-melilite age refers to a high degree of melting event and that a very 26 Mg data for spinel, melilite, and fassaite with low 27 Al/ 24 Mg 723 ratios (<3). The solid and dashed lines are the regression line and error limits shown in Fig. 3(b) . 
